A growing body of evidence suggests that the consumption of foods rich in polyphenolic compounds, particularly cocoa, may have cardioprotective effects. No review, however, has yet examined the effect of flavonoid-rich cocoa (FRC) on all major cardiovascular risk factors or has examined potential dose-response relationships for these effects. A systematic review and meta-analysis of randomized, controlled trials was performed to evaluate the effect of FRC on cardiovascular risk factors and to assess a dose-response relationship. Inclusion and exclusion criteria as well as dependent and independent variables were determined a priori. Data were collected for: blood pressure, pulse, total cholesterol, HDL cholesterol, LDL cholesterol, TG, BMI, C-reactive protein, flow-mediated vascular dilation (FMD), fasting glucose, fasting insulin, serum isoprostane, and insulin sensitivity/resistance indices. Twenty-four papers, with 1106 participants, met the criteria for final analysis. In response to FRC consumption, systolic blood pressure decreased by 1.63 mm Hg (P = 0.033), LDL cholesterol decreased by 0.077 mmol/L (P = 0.038), and HDL cholesterol increased by 0.046 mmol/L (P = 0.037), whereas total cholesterol, TG, and C-reactive protein remained the same. Moreover, insulin resistance decreased (HOMA-IR: -0.94 points; P , 0.001), whereas FMD increased (1.53%; P , 0.001). A nonlinear dose-response relationship was found between FRC and FMD (P = 0.004), with maximum effect observed at a flavonoid dose of 500 mg/d; a similar relationship may exist with HDL cholesterol levels (P = 0.06). FRC consumption significantly improves blood pressure, insulin resistance, lipid profiles, and FMD. These short-term benefits warrant larger long-term investigations into the cardioprotective role of FRC.
Introduction
The Kuna, an indigenous group of approximately 50,000 people who live predominantly on small islands off the coast of Panama, are virtually free of hypertension and cardiovascular disease. Kuna who migrate to nearby Panama City, however, lose this advantage, a loss that cannot be attributed to changes in salt intake (1) or stress (2) . The Kuna who live on the Caribbean archipelago, however, consume a striking amount of natural cocoa drinks, whereas those who migrate to the mainland do not (1) .
The case of the Kuna is but one piece in a growing body of evidence that foods rich in plant-derived polyphenolic compounds may have cardioprotective effects. Three recent metaanalyses have examined these hypotheses: Taubert et al. (3) examined blood pressure in response to cocoa and tea consumption. Hooper et al. (4) looked at dietary flavonoids in general (not specifically cocoa) and their effects on cardiovascular risk. And, most recently, Desch et al. (5) studied the effects of cocoa products, specifically on blood pressure. Although all found improvement in their examined measures, they all faced major limitations. The former two did not separate cocoa from other dietary flavonoids, and only Hooper et al. (4) looked at cardiovascular outcomes other than SBP 10 . Until ours, no review has, to our knowledge, examined the role of FRC specifically on all major cardiovascular risk factors, and no study has yet examined whether a dose-response curve exists for FRC and cardiovascular risk factors.
In its natural state, cocoa is high in flavonoids, exhibiting higher antioxidant capacity than almost any other known food (6) . However, processing alkalinizes the cocoa and strips it of much of this salutary effect (7) . Because certain cocoa formulations avoid this and are rich in flavonoids, and because flavonoids may exert a cardioprotective effect that extends beyond their antihypertensive properties, we undertook a systematic review and meta-analysis of randomized, controlled trials performed in adults to examine the effects of FRC on multiple markers of cardiovascular health and to determine whether a dose-response curve exists between FRC intake and these outcomes.
Materials and Methods
Search strategy, study selection, and quality assessment. ). Similar search strategies were used for the other databases. Initially, all randomized controlled trials using cocoa and indexed within the above databases were collected regardless of outcome. Additional studies were identified from the reference lists of retrieved articles. Titles and abstracts were reviewed by two independent reviewers (S.B., A.M.) to assess for inclusion. When assessment by title and abstract was insufficient, the full text of the article was obtained. Full texts articles were reviewed for inclusion by at least two authors (M.S., N.C., C.C., S.B) independently. Disagreements were resolved by group discussion.
Articles were excluded if they: presented no evidence of randomization; did not use cocoa as an intervention; were nonhuman studies; randomized to multifactorial interventions from which the cocoa intervention could not be extracted; followed patients for fewer than 2 wk; did not measure flavonoid levels, report relevant outcomes, or include a control arm; or were review articles. Assessment of quality included allocation concealment (adequate, inadequate, or unclear), participant masking, researcher masking, outcome assessor masking, and reported industry funding (4).
Data extraction. A data extraction form was designed a priori. Two authors (S.B., M.S.) reviewed the included papers to determine which variables to extract, after which the form was designed by one of the authors (N.C.) and piloted. Extraction was performed by all authors independently. Extraction data were then reviewed by one author (M.S.) to ensure uniformity. When data were not available, one author (M.S.) attempted to contact the study authors. Two attempts were made for each study that required contact.
In addition to the study-level quality measures mentioned above, the following data points were extracted from each study: author name; publication year; study design; population characteristics; type of control; sample size; flavonoid dose in intervention and control arms; mean age of patients in each arm; total flavonoid, flavonol, and flavan-3-ol doses; total catechin/epicatechin dose; energy load of each arm; fat and sugar content of each arm; presence of milk; route of administration; and study duration.
When available, the following outcome variables were extracted: SBP, DBP, pulse, total cholesterol, HDL cholesterol, LDL cholesterol, TG, CRP, BMI, FMD, fasting glucose and insulin levels, serum isoprostane level, QUICKI (an index of insulin sensitivity in diabetic, obese, and hypertensive patients) (8) , ISI, and HOMA-IR, the latter two of which are also useful in the detection of metabolic syndrome (9).
Data synthesis. For each continuous outcome variable, baseline and final mean values with SD, for both intervention and control groups, as well as the mean within-arm change and its SD were extracted or calculated. For parallel-group trials, the treatment effect was defined as the mean difference of final mean values between groups, assuming similar baseline levels. If the difference between the mean values of the intervention and control arms at baseline was statistically significant, these data were evaluated using the mean difference within study arms. When not reported, SD for mean change was either calculated from CI or P values or estimated based on the SD of the outcome variable at the end of treatment.
For crossover trials, the treatment effect was defined as the mean within-subject difference of the treatments, assuming no carry-over or period effect. The standard error, when not explicitly reported, was calculated from the SD or CI. When necessary, the separate means and SD of the intervention and control arms were extracted, providing a conservative estimate of the variance (10) . As with parallel study designs, when SD were not reported, they were calculated from CI or P values or conservatively estimated based on the SD of the outcome variable at the end of treatment.
Meta-analysis was performed in STATA v.11 (StataCorp), using the Dersimonian and Laird random-effects model (11) . Results were considered statistically significant when P # 0.05. Outcome variables with data from fewer than three studies were analyzed but were not considered for interpretation, and subgroup analysis was performed only when data from at least five studies were available. I 2 was used to assess the magnitude of heterogeneity. I 2 was considered potentially significant at a threshold of P # 0.1. Meta-regression, as a random-effects, weighted, linear regression of dose difference compared with mean outcome difference in the studies, was performed to determine the existence of a dose-response curve and for subgroup analyses to assess potential effect modifications. Subgroup analyses were performed to assess effect modification by age, milk background, fat background, population characteristics, study quality, and study duration. Sensitivity analyses, determined a priori, were also performed to test the robustness of results. Funnel plots, tested using the methods of Egger et al. (12) and Begg (13) , were constructed to assess for publication bias and trim-andfill analysis was performed to determine the estimated effect of unpublished studies. This study was performed in compliance with the 2009 PRISMA guidelines (14) .
RESULTS
Our initial literature search returned 346 papers. Based on title or abstract, 279 were excluded (69 review articles and 210 for meeting at least one other exclusion criterion). The full text of the remaining 67 was reviewed. Forty-seven of these met at least one exclusion criterion and were therefore not included in the final analysis. At the conclusion of the study, a follow-up literature search was undertaken through January 2011, which returned an additional 53 studies. The full text of 6 of these was pulled for review; 4 more (15-18) were included in the final analysis (Supplemental Fig. 1) . Twenty-four studies were included in the final analysis, covering 1106 participants ( Table 1) .
Twenty-two studies (15) (16) (17) (18) (20) (21) (22) (23) (24) (25) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) measured the impact of FRC on blood pressure or pulse and 20 (15, 17, 19, (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) on lipid profiles or BMI. Ten studies (17, (24) (25) (26) 30, 31, (33) (34) (35) (36) examined outcomes related to insulin resistance or metabolic syndrome, 8 studies (20, 22, (30) (31) (32) 34, 36, 37) measured levels of circulating inflammatory mediators, and 8 (16, 22, 25, 26, 28, 33, 34, 37) reported FMD.
Eleven studies (20, 22, (26) (27) (28) (29) (30) (31) (32) (33) 38) were randomized, placebocontrolled trials; 12 (15) (16) (17) 19 ,21,23-25,34-37) used a crossover design. One study (18) used a placebo-controlled crossover design. To maintain consistency, this study was treated as a crossover study between placebo and non-theobromine- (35) , the cocoa industry was involved in some of the data analysis. Two studies (21, 25) did not report any information with respect to financial conflicts of interest (Supplemental Table 1 ).
Intention-to-treat analysis
Blood pressure and pulse. Twenty studies (15) (16) (17) (18) (20) (21) (22) (23) (24) (25) (28) (29) (30) (32) (33) (34) (35) (36) (37) (38) had information on SBP (Fig. 1) . There was significant heterogeneity among these studies (I 2 = 82.7; P , 0.001). Consumption of FRC for at least 2 wk decreased SBP by 1.63 mm Hg (95% CI = 0.13, 3.12; P = 0.033). DBP and pulse were not affected (all nonsignificant results can be found in Supplemental Figs. 2-9 ).
Insulin resistance and metabolic syndrome. Five studies (17, 24, 25, 33, 34) examined HOMA-IR (Supplemental Fig. 10 ) without significant heterogeneity (I 2 = 33.6; P = 0.197). HOMA-IR decreased by 0.94 points (95% CI = 0.59, 1.29; P , 0.001) with the consumption of FRC. ISI was examined by 3 studies (24,25,34) without significant heterogeneity (I 2 = 48.9; P = 0.14). FRC consumption significantly increased ISI by 4.95 points (95% CI = 2.80, 7.10; P , 0.001) (Supplemental Fig. 11 ). QUICKI and fasting glucose levels did not change significantly with the consumption of FRC. There were not enough data available to analyze fasting insulin levels.
FMD and inflammation.
Nine studies (16, 22, 25, 26, 28, 31, 33, 34, 37) examined the impact of FRC intake on FMD. Heterogeneity was significant among these studies (I 2 = 76.5; P , 0.001); FRC increased FMD by 1.53% (95% CI = 0.67, 2.40; P , 0.001) (Supplemental Fig. 12 ). Circulating CRP levels did not change and insufficient data were available for the evaluation of isoprostane levels.
Lipid profiles and BMI. Nineteen studies (15, 17, 19, (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) examined the impact of FRC on lipid profiles. Heterogeneity was significant with all outcomes (P , 0.001 for each). Consumption of FRC increased HDL cholesterol by 0.0463 mmol/L (95% CI = 0.0028, 0.089; P = 0.037) (Fig. 2) and decreased LDL cholesterol by 0.077 mmol/L (95% CI = 0.0044, 0.149; P = 0.038) (Supplemental Fig. 13 ), whereas total cholesterol and TG levels were unchanged. Similarly, no significant difference was seen in BMI with FRC intake in the Dose-response curve. We performed a meta-regression to determine whether a dose-response relationship existed between FRC consumption and any outcome measure. Enough data were available to perform this regression for SBP, DBP, pulse, total cholesterol, HDL cholesterol, LDL cholesterol, TG, FMD, fasting glucose, and BMI.
Linear regression showed no statistically significant association between the total polyphenol dose and any outcome. However, a quadratic relationship was seen between total polyphenol dose and FMD, with FMD increasing as the dose approached 500 mg and decreasing at higher doses (P-nonlinearity = 0.004). A similar, almost significant, pattern was seen with HDL cholesterol (P = 0.06). Fat did not modify the dose response seen with FMD, but information on fat content was limited. Meta-regression examining the relationship between the combined dose of epicatechin, catechin, and procyanidins and outcomes of interest found no significant relationship.
Subgroup and sensitivity analysis
Subgroup analysis was performed by population characteristics (healthy vs. not healthy), study duration, study type, mean age of participants, fat content (for lipid outcomes), and milk consumption.
The impact of FRC consumption on both total cholesterol and LDL cholesterol was significantly modified by the participant age (P for effect modification = 0.026 and 0.002, respectively): patients older than 50 y did not gain the same benefit as younger patients. Similarly, study duration modified effects; decreases in LDL cholesterol (P = 0.015) and total cholesterol (P = 0.024) were seen in studies ,4 wk in duration and increases in HDL cholesterol (P = 0.04) in studies of longer duration.
Lipid levels were also sensitive to fat consumption: LDL cholesterol and total cholesterol decreased in studies with at least 6 g of fat in the intervention (P = 0.001 and 0.006, respectively), whereas HDL cholesterol levels only increased in studies with lower fat content (P = 0.016). TG levels were not modified by fat consumption and no significant association existed between fat content and study quality or participant age. In the presence of milk, the beneficial impact of cocoa on FMD was attenuated (P = 0.042). There was no significant difference between energy consumption in the control and intervention arms in studies that provided this information.
Finally, we stratified by study characteristics. No effect modification was seen by baseline participant health, publication date, or industry involvement on any outcome.
Publication bias
We utilized funnel plots, combined with Egger (12) and Begg (13) statistical analyses of these plots, to assess for publication bias. There was evidence of statistically significant publication bias for only SBP (P , 0.001) (Supplemental Fig. 14) . In addition, trimand-fill analysis was performed for all outcomes. Linear extrapolation of missing studies changed our outcomes for SBP, DBP, HDL cholesterol, TG, and FMD. In most cases, this analysis strengthened the effect of high-flavonoid cocoa consumption; in the case of HDL cholesterol, statistical significance was lost with the addition of these extrapolated studies.
DISCUSSION
In a meta-analysis of 24 randomized, controlled studies, with a total of 1106 participants, FRC had multiple salutary effects on cardiovascular health. SBP, LDL cholesterol levels, and insulin resistance all decreased in response to short-term consumption of FRC. HDL cholesterol levels and FMD concomitantly increased. BMI and total cholesterol, TG, fasting glucose, and CRP levels all remained constant, which is consistent with other studies on the role of cocoa in inflammation (39) .
These findings suggest a beneficial role for cocoa-flavonoids in cardiovascular and metabolic health. For example, FMD, an indicator of endothelium-driven vasodilation, decreases in patients with atherosclerotic disease (40) ; this decrease reverses itself after the initiation of medical therapy. In our analysis, the consumption of FRC significantly improved FMD, supporting the conclusion that FRC consumption may be beneficial in patients with atherosclerotic disease.
In addition, at least some of these salutary effects appear to be dose dependent: FMD and to a lesser degree HDL cholesterol levels increase as the total flavonoid daily dose approaches 500 mg and decrease again above this threshold. The beneficial effects seen in this meta-analysis, however, seem to be mitigated by a number of study characteristics: HDL cholesterol increases in longer term trials with low fat consumption, whereas LDL cholesterol and total cholesterol decrease in shorter term studies, in patients younger than 50 y, and in trials with higher fat consumption. These findings are consistent with other studies that suggest that cocoa consumption may blunt some of the detrimental metabolic effects of a lipid challenge (41) . In addition, extrapolation of potentially unpublished studies effaces the significant effect of FRC on HDL cholesterol levels.
These sensitivity analyses should be interpreted with caution: the differences reported are seen at the study level. Because we do not have individual patient data, extrapolation from studylevel variability to mechanistic, patient-level recommendations is impossible.
The dose-dependent effect of FRC on FMD, and potentially HDL cholesterol, lends credence to the hypothesis that the observed association is causative. The presence of milk attenuated the impact of FRC on FMD, independent of fat content, which appeared to have a separate effect on lipid profiles. It should be noted that, although the chocolate consumed by the intervention and control group was frequently provided by confectionary companies, it was not always specifically formulated for the study itself. In at least one study (23) , M&Ms were used.
Although neither BMI nor fasting glucose changed with the consumption of FRC, this should not be interpreted as an indication that cocoa consumption will not increase either. The short-term nature of the studies as well as the fact that intervention and control arms were matched for energy and sugar content precludes meaningful assessment of changes in BMI or glucose levels.
To our knowledge, this study represents the largest systematic review of the impact of FRC consumption on all major cardiovascular risk factors and is the first to explore the possibility of a dose-response curve. Unlike other meta-analyses, which have either focused on multiple dietary sources of flavonoids (3, 4) or on single cardiovascular outcomes (5), we specifically limited the interventions in this study to FRC and examined its impact on several possible cardiovascular and metabolic outcomes. Stringent assessments of industry involvement and study characteristics were undertaken and conservative statistical assumptions were made, significantly decreasing the chance that our findings are spurious.
Despite these strengths, several weaknesses exist. First, there is significant heterogeneity among our studies. Although we have specifically examined sources of this heterogeneity in our subgroup analyses and meta-regression, there remains the possibility that other sources of heterogeneity exist. Second, this systematic review relies on study-level data; we did not have access to patient-level data. Thus, patient-level conclusions cannot be made. Finally, only short-term consumption of FRC was examined (studies ranged from 2 to 18 wk); generalizability to long-term cocoa consumption is impossible.
These limitations notwithstanding, this opens the door to more research. Large, long-term randomized, controlled studies examining FRC and insulin resistance, metabolic syndrome, and clinically significant cardiovascular outcomes are warranted.
In conclusion, the consumption of FRC significantly improves blood pressure, circulating lipid levels, insulin resistance, and FMD, the latter in a dose-dependent manner, without exerting an effect on circulating CRP levels or TG levels. Further study is warranted to determine whether these findings translate to an improvement in adverse cardiovascular outcomes.
